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Abstract 
Polymer electrolyte membrane (PEM) fuel cells have attracted attention due to their relatively             
simple design and ability to operate at ambient pressures and low temperatures; however its              
commercialization is limited by low membrane durability. To improve the lifespan of the             
membrane, operating conditions must be optimized and effectively controlled in order to prevent             
operation at conditions that accelerate membrane degradation. These include nonoptimal          
temperature, humidity, and current conditions. In order to better understand the effect of the              
conditions within the fuel cell, current density and temperature distributions were measured            
using S++ Simulation Services’s current scan shunt. After the system reached steady state, data              
were collected every three seconds for one minute and then analysed using MATLAB and Excel.               
2D pseudocolor diagrams were plotted to compare current distributions between different current            
density settings and gas flow rates, between two different membranes, and between a fresh and               
aged membrane. Polarization and power curves and electrochemical impedance spectroscopy          
(EIS) were used to compare the performance between the different membranes and between the              
aged and fresh membrane. The results showed that current distribution was most even at a               
current density setting of 0.90 A/cm​2 and excess gas flow slightly increases the evenness of the                
current distribution. Furthermore, the results showed that current density was less evenly            
distributed after aging of the membrane and that the type of gas diffusion layer had an effect on                  
the current distribution. Additional testing is recommended to verify these results. 
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1.0 Introduction 
Polymer electrolyte membrane (PEM) fuel cells have become a research interest in the past few               
decades as an alternative source of energy because they are a more efficient and clean means of                 
energy generation than the conventional burning of fossil fuels. Their simple design and low              
operating temperature allow for applications such as power supply to the grid, vehicles, and              
battery recharge. In order to make PEM fuel cells more competitive with other energy sources,               
the lifetime of the fuel cell must be longer than it is currently. The major factor in the aging of                    
the fuel cell is the degradation of the membrane electrode assembly (MEA). Previous studies              
have shown that the degradation is related to the uneven distribution of current density in the                
MEA, which is affected by the flow field pattern of the bipolar plate, the composition of the                 
MEA, and the operating conditions such as gas flow and current density settings (Lobato 2011 &                
Úbeda 2014). Observing how current is distributed throughout the fuel cell at various operating              
conditions and with different MEA compositions can provide insight on how and why the              
membrane degrades over time.  
 
A possible way to predict current density distribution is to consider fuel cells as catalytic               
membrane reactors (Thampan, 2001) with plug flow that react hydrogen and oxygen to produce              
power, heat, and water. In a membrane reactor, reaction rate is highest at the inlet, where the                 
partial pressures of the reactants are highest, and decreases as gases continue to be consumed               
along the channel toward the outlet of the reactor. Because the current produced by the fuel cell                 
is proportional to the reaction rate, current density is expected to decrease from the inlet to the                 
outlet. Understanding how to model the current density profile from the inlet to the outlet could                
help explain why fuel cell performance decreases over time. 
 
Another important factor in fuel cell performance is water management, which is affected by the               
local temperature. High temperatures can cause drying of the membrane while low temperatures             
can cause condensation in the membrane. Both of these conditions accelerate membrane            
degradation. Therefore, analyzing temperature distribution and finding any possible correlations          
between the current and temperature distribution throughout the fuel cell may indicate changes in              
performance at certain areas of the fuel cell. 
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2.0 Background 
2.1 Basic Principles of Fuel Cells 
A fuel cell is a device that converts chemical energy contained within gases into usable electrical                
energy. The reaction is often irreversible and the fuel cell will operate continuously as long as                
reactants are supplied. The well-known benefit of this method is that it avoids the Carnot               
limitations associated with conventional combustion engines. Theoretically, this means that fuel           
cells can be designed to have very high efficiencies. Furthermore, the only byproduct of this               
process is water, so fuel cells have little to no environmental impact. These aspects make fuel                
cells a promising technology for energy production. 
2.1.1 Electrochemistry 
The reaction that occurs within hydrogen fuel cells is the reverse of electrolysis: hydrogen and               
oxygen gases react to form water and an electrical current is produced. 
 
2H​2​ + O​2​ → 2H​2​O + electricity + heat 
 
A catalyst, often platinum, is necessary in order to lower the activation energy to increase               
reaction rate. A diagram of an acid electrolyte fuel cell is shown in ​Figure 2-1a and the                 
morphology of the catalyst is shown in ​Figure 2-1b​. 
 
 
Figure 2-1:​ a) Diagram of an acid electrolyte fuel cell. b) TEM image of fuel cell catalyst. Taken 
from Larminie, 2003 (Figures 1.3 and 1.6). 
 
This reaction is carried out within an electrochemical cell where hydrogen gas ionises into              
electrons and protons in an oxidation reaction in the anode and oxygen reacts with the ions to                 
form water in a reduction reaction in the cathode. 
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2H​2​ → 4H​+​ + 4e​- anode 
 O​2​ + 4e​-​ + 4H​+​ → 2H​2​O  cathode 
 
Without transfer of the electrons and hydrogen ions from the anode to the cathode, the reaction                
cannot proceed continuously. Electrons produced in the anode are directed through an electrical             
circuit to reach the cathode and hydrogen ions are passed through an acid electrolyte. The               
transfer of the electrons through the circuit produces current that can be used as electrical energy.                
Hydrogen ions may also be transferred through polymers that contain mobile hydrogen ions.             
These materials are called proton exchange membranes (PEM) and will be discussed further in              
Section 2.2.  
2.1.2 Fuel Cell Design 
Two components that make up the fuel cell are the membrane electrode assembly (MEA) and the                
bipolar plates. The assembly of the fuel cell is shown in ​Figure 2-2​. 
 
 
Figure 2-2:​ Structure of fuel cell showing a) membrane electrode assembly (MEA) and b) 
internal manifolding of bipolar plates. Figures taken from Larminie, 2003 (Figures 1.11 and 
1.14). Bipolar plates and MEA were labeled separately and are not part of the original textbook 
figures. 
 
Membrane Electrode Assembly (MEA) 
The MEA consists of the anode, cathode, electrolyte, and sealing gaskets, as shown in ​Figure               
2-2a​. The electrolyte is positioned in between the anode and cathode to create the              
electrochemical cell and sealing gaskets are used to prevent leakage of gases through the porous               
electrodes. 
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The electrodes are composed of an inert carbon-based porous material to allow for efficient              
distribution of gases throughout the electrode. These porous electrodes are called the gas             
diffusion layer (GDL). On the surface of the carbon support are nano-sized platinum deposits, as               
shown in ​Figure 2-1b​, that act as the catalyst. The porosity of the carbon support increases the                 
surface area of the electrode in order to increase reactant, electrode, and electrolyte contact. The               
coming together of these three components is called three phase contact, a concept that is               
important in maximizing the rate of reaction.  
 
Bipolar Plate 
To increase the amount of electricity produced by a fuel cell device, many fuel cells are                
connected in series, as shown in ​Figure 2-2b​. To do this effectively, a bipolar plate is used. A                  
bipolar plate is multifunctional; it conducts electrical current between cells, distributes hydrogen            
and oxygen to the anode and cathode respectively, removes excess heat, and prevents leakage of               
gases and coolant. There are many variations of the bipolar plate design, which include different               
flow field patterns (​Figure 2-3​) and different materials of construction. 
 
 
Figure 2-3:​ Bipolar plate flow field patterns in fuel cells: a) parallel pattern, b) serpentine 
pattern, c) parallel serpentine pattern, d) ENSIC bipolar plate with serpentine pattern (two sides 
of same plate). 
 
A simple bipolar plate flow field pattern is the parallel grooves pattern (​Figure 2-3a​). A potential                
problem with this design is that water or impurities will get trapped within one of the channels.                 
This will create a blockage that could limit the flow of gases to the blocked area, leaving an area                   
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of the fuel cell without reactants. The serpentine design (​Figure 2-3b​) seeks to overcome this               
problem by creating only one path of flow. The problem with this design is that excessive work                 
must be done to push the gases through the channel. The parallel serpentine pattern (​Figure               
2-3c​) seeks to find a balance between the two designs. These are just a few examples of flow                  
field patterns and there are many more in the literature. 
 
The bipolar plate material must be conductive, suitable for machining, and corrosion-resistant, so             
are generally made from graphite and other compact carbon-based materials. Bipolar plates            
account for about 80% of the mass of the fuel cell, and thus also account for a high proportion of                    
fuel cell cost (Larminie 2003). The design of the bipolar plate is an important aspect of fuel cell                  
design.  
2.1.3 Types of Fuel Cells 
There are several different types of fuel cells that have varying operating conditions and              
materials, which allows for different uses and applications. ​Table 2-1 describes the operating             
conditions and materials of each type of fuel cell. 
 
 Solid Oxide 
Fuel Cells 
(SOFC) 
Molten 
Carbonate Fuel 
Cells (MCFC) 
Proton 
Exchange 
Membrane Fuel 
Cells (PEMFC) 
Phosphoric 
Acid Fuel Cells 
(PAFC) 
Direct Methanol 
Fuel Cells 
(DMFC) 
Operating 
temperature 
600 - 1000 °C ~650 °C 60 - 120 °C 190 - 200 °C 25 - 90 °C 
Electrolyte Yttria- 
stabilized 
ZrO​2 
Li​2​CO​3​; 
K​2​CO​3 
Nafion H​3​PO​4 Nafion 
Anode 
material 
Ni-ZrO​2 90% Ni, 10% 
Cr 
Pt; Pt/C Pt/C Pt; Pt/C 
Cathode 
material 
Sr-doped 
LaMnO​3 
Li-doped 
NiO 
Pt; Pt/C Pt alloy/C Pt; Pt/C 
Anode 
reaction 
H​2​ + O​2-​ → 
H​2​O + 2e​- 
H​2​ + CO​3​2- 
→ H​2​O + 
CO​2​ + 2e​- 
H​2​ → 2H​+​ + 
2e​- 
H​2​ → 2H​+​ + 
2e​- 
CH​3​OH + 
H​2​O → CO​2 
+ 6H​+​ + 6e​- 
Cathode 
reaction 
O​2​ + 4e​-​ → 
2O​2- 
O​2​ + 2CO​2​ + 
4e​-​ → 2CO​3​2- 
O​2​ + 4H​+​ + 
4e​-​ → 2H​2​O 
O​2​ + 4H​+​ + 
4e​-​ → 2H​2​O 
(3/2)O​2​ + 
6H​+​ + 6e​-​ → 
3H​2​O 
Table 2-1:​ Comparison of different types of fuel cells (Deutschmann 2012). 
11 
 
The most common type of fuel cell is the proton exchange membrane fuel cell (PEMFC) because                
it is relatively small in size, lightweight, and easy to build. It operates with hydrogen and oxygen                 
(or air) at a relatively low temperature range of 60°C to 120°C. Platinum is the most common                 
catalyst to speed up the anode and cathode reactions in PEMFC. Applications for different fuel               
cell types is described in Section 2.5. 
2.1.4 Reactant Composition 
Hydrogen is the most common fuel for a fuel cell and can be obtained from processing fuel                 
sources such as natural gas, crude oil, coal, and biomass. First, the fuel source must be processed                 
to a primary fuel, which is the feedstock of the fuel processor. Primary fuels include natural gas,                 
gasoline, kerosene, diesel fuel, methanol, and ethanol. Processing different fuel sources to            
primary fuels results in different compositions of the primary fuel. It is important to remove the                
sulfur compounds from the fuel because sulfur compounds can severely damage fuel cells by              
poisoning the catalyst, preventing hydrogen from adsorbing to the catalyst. Emission of sulfur             
compounds is also unsafe for the environment. Removal of these components can be costly,              
depending on the fuel source. Coal is not often used as a fuel source because it has high sulfur                   
content, although coal is sometimes used if it is available at a cheap price. Out of all the primary                   
fuels, liquid hydrocarbons produce the greatest amount of hydrogen by volume and mass.  
 
The desulfurized fuel goes to a pre-reformer, where the hydrocarbons are cracked to smaller              
hydrocarbon chains ranging from C​1 to C​6​. The fuel then goes to a reformer, where hydrogen is                 
produced at high temperatures. The composition of the feed to the reformer can be characterized               
by the carbon-to-oxygen ratio (C/O) and the steam-to-carbon ratio (S/C). These ratios will             
determine how much fuel can be produced. Depending on the type of the fuel cell, different fuel                 
qualities are required. Fuel cells such as PEMFC, DMFC, and PAFC operate at lower              
temperatures, so carbon monoxide must be removed from the fuels for these fuel cells because               
carbon monoxide can poison the catalyst similar to sulfur. Fuel cells that operate at high               
temperatures, such as SOFC and MCFC, do not have a limit for carbon monoxide because it is                 
difficult for carbon monoxide to adsorb to the catalyst at high temperatures. 
 
There are a few methods to produce hydrogen in the reformer. One of the methods is steam                 
reforming (SR), which reacts the hydrocarbon with steam in the following endothermic reaction. 
 
C​x​H​y​ + xH​2​O → xCO + ((x+y)/2)H​2 
 
This method has a long startup time as an external boiler must bring the system to an operating                  
temperature of 750-800°C. The reaction is relatively slow, which means that it is difficult to               
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respond to transient load requirements and start/stop cycles. A catalyst is not required, but using               
one would speed up the reaction and reduce the size of the reformer. SR typically use catalysts                 
based on Ni/NiO or Co formulations supported on materials such as magnesium alumina spinel.              
Another reforming method is partial oxidation (POX), which partially combusts the fuel using             
oxygen in the following exothermic reaction. 
 
C​x​H​y​ + (x/2)O​2​ → xCO + (y/2)H​2 
 
POX does not require additional heat and has a faster reaction rate than SR, which allows for                 
smaller reactors. Due to a lower efficiency, hydrogen production is more costly with this method.               
This makes POX more favorable for large-scale productions of hydrogen. A third hydrogen             
production method, autothermal reforming (ATR), combines SR and POX to a single unit. The              
exothermic reaction of POX provides the heat required for the endothermic reaction of SR. ATR               
has higher hydrogen production than POX and faster start-up and response time than SR, which               
is good for small-scale hydrogen productions. 
 
The water-gas shift (WGS) reaction is used after the reformer to increase the amount of               
hydrogen and reduce the amount of carbon monoxide of the stream. Steam is used to react with                 
the carbon monoxide in the following exothermic reaction. 
 
CO + H​2​O → H​2​ + CO​2 
 
The WGS reactor is often split to two stages: a high-temperature shift (HTS) and a               
low-temperature shift (LTS). HTS usually operates at 350-400°C with a Fe-Cr based catalyst and              
LTS usually operates at 180-240°C with a Cu-ZnO-Al​2​O​3 based catalyst. These stages combined             
can reduce the CO concentration to about 1% (Hartnig 2012). 
2.1.5 Balance of Plant 
The additional equipment necessary to control and operate the core fuel cell system is called the                
balance of plant (BOP). The BOP includes equipment for the control and regulation of              
temperature, pressure, and humidity of the gases and for the conversion and storage of              
electricity. Examples of BOP equipment are humidifiers, pressure regulators, cooling and heating            
systems, and controllers. The fuel cell itself only accounts for a small portion of the cost and                 
space required for operation, as evident in ​Figure 2-4​.  
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Figure 2-4: ​Photo of fuel cell laboratory setup in the Lapicque lab at École Nationale Supérieure 
des Industries Chimiques (ENSIC) in Nancy, France. Photo taken Jan. 11th, 2017. 
 
In this setup, hydrogen and air flow from gas supplies located on the right side of the setup, not                   
included in the photo. The gases flow through the flow meter, then through the humidifiers, and                
then into the fuel cell through insulated tubes. The water product leaves the fuel cell through                
insulated tubes into a collection beaker. Water heated by thermal baths (not included in the               
photo) is circulated through the fuel cell with the tubes labeled “H​2​O inlet” and “H​2​O outlet.”                
There is a peristaltic pump to control the water level in the humidifiers and a pressure regulator                 
to control the pressure of the gases at the inlet of the fuel cell. There are also thermocouples to                   
check the temperature of the gases at certain points in the setup. 
2.2 Proton Exchange Membrane Fuel Cells (PEMFC) 
Proton exchange membrane fuel cells (PEMFCs) are a type of fuel cell that contains a polymer                
electrolyte membrane. They operate at low temperature and pressure conditions, so are            
well-suited for applications in transportation, portable devices, and supplementing the electric           
grid. A PEMFC located at École Nationale Supérieure des Industries Chimiques (ENSIC) in             
Nancy, France is shown in ​Figure 2-5​.  
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Figure 2-5: ​Photo of fuel cell in the Lapicque lab at École Nationale Supérieure des Industries 
Chimiques (ENSIC) in Nancy, France. Photo taken Jan. 11th, 2017. 
2.2.1 Polymer Electrolyte Material  
The industry standard polymer electrolyte material used in PEMFCs is perfluorosulfonic acid            
(​Figure 2-6a​) which is sold under the brand name, Nafion. The C-F bonds make the Nafion                
durable, resistant to chemical attack, and hydrophobic. The hydrophobicity allows Nafion to            
drive water out of the electrode. The sulfonated chain on Nafion, however, is very hydrophilic.               
This allows large quantities of water to be absorbed in areas where sulfonated regions of the                
Nafion molecules cluster together (​Figure 2-6b​). This is beneficial because a well-hydrated            
material is conductive to the flow of hydrogen ions. For this reason, Nafion is a good proton                 
conductor and thus serves as a good electrolyte. 
15 
 
Figure 2-6:​ a) Structure of perfluorosulfonic acid (PTFE), or Nafion. b) Depiction of hydrated 
Nafion material, taken from Larminie, 2003 (Figure 4.5). 
2.2.2 Water Management 
Because proton conductivity of the electrolyte material is dependent on its moisture content,             
water management is important. Increasing moisture content will increase conductivity, but care            
must be given not to flood the GDL. To find this balance, the different ways that water is                  
generated and transferred throughout the system must be considered.  
 
Water is generated within the cathode from the reverse electrolysis reaction. Furthermore, water             
will be pulled from the anode to the cathode from the movement of protons through the                
electrolyte. This water leaves the cathode by evaporation into the circulating air that provides the               
oxygen fuel to the cathode. Water may also exit the cathode by diffusing back into the anode if                  
the cathode contains more water. If not enough moisture is present on either side, a humidifier                
can be used to add moisture to the air or hydrogen fuel. 
2.3 Current and Temperature Distribution Measurement 
2.3.1 Measurement Methods 
A distribution measurement plate was installed in the fuel cell at the air inlet side. It is connected                  
to the computer through USB cables from the top and bottom of the card. This allows current and                  
temperature distribution data to be collected through the S++ CurrentVIEW program on the             
computer. The fuel cell setup with the distribution measurement plate is shown in ​Figure 2-7​.               
The next section provides a basic explanation of how the distribution measurement plate works. 
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Figure 2-7: Close-up of fuel cell and distribution measurement plate. 
2.3.2 Current Scan Shunt 
The S++ current scan shunt measures current through shunt resistors. Shunt resistors are placed              
in parallel to the ammeters within the circuit and are used to divide the current between the shunt                  
resistor and the ammeter in order to measure currents that are too high. If the resistance of the                  
shunt resistor is known, then the current can be calculated using Ohm’s law once the voltage                
drop across the resistor is measured. For instance, with a voltage measured at 30 mV and a                 
resistance of 1 mOhm, the following current is calculated: 
 
Ohm’s Law: I = V/R, where V= 0.03 V and R= 0.001 Ohm 
I = 0.03/0.001 = 30 A 
 
The same method is used to calibrate a shunt resistor where a known current and voltage are                 
used and a resistance of the shunt resistor can be calculated. Shunt resistors are designed to have                 
low resistance in order to prevent interference with the main circuit; however the lower the               
resistance, the lower the resolution of the measurement is. This is because a lower resistance will                
result in a lower voltage drop and if the voltage drop is lower than 0.1 mV, it is more difficult to                     
measure. From the shunt resistors the signals are directed to a multiplexer and A/D converter to                
17 
produce a digital current reading. A diagram of the current scan shunt principle is shown in                
Figure 2-8​. 
 
 
Figure 2-8​: Diagram of current scan shunt principle, taken from S++ Simulations Services 
current scan shunt user brochure (2016 S++ Simulations Services, Vers.21.04.2016). 
 
Using this equipment, current density and temperature distribution data over time across the fuel              
cell can be obtained. In the Lapicque lab the fuel cell is 100 cm​2 (10 cm x 10 cm) with 23                     
channels and has a serpentine flow field pattern for the gas flow plates. The diagram of the flow                  
field pattern is shown in ​Figure 2-9​. 
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Figure 2-9​: Diagram of fuel cell flow field plate on the oxygen side (left) and water side (right). 
Oxygen enters from top left corner of the plate and exits from the bottom right. Water flows in 
the opposite direction of the oxygen, entering from the bottom and exiting at the top. The plate 
was manufactured by ZSW, a German company. 
2.4 Fuel Cell Test Methods 
There are various methods to characterize the performance of a fuel cell. Each method measures               
different variables that determine the age of the fuel cell, or amount of degradation. The most                
common method is the polarization curve. 
2.4.1 Polarization Curve 
The polarization curve of a fuel cell system is a graph of its voltage versus current density. It                  
shows the steady-state relationship between potential and current. A typical polarization curve is             
shown in​ Figure 2-10​. 
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Figure 2-10​: Typical polarization curve with the operating line in dark blue going through three distinct 
regions. 
 
The maximum free energy of the fuel, also known as the equilibrium potential, is the theoretical                
maximum voltage of the system. The further away the voltage is to the theoretical maximum               
voltage, the lower the performance of the system. The equilibrium potential, V​0​, is described by               
Nernst’s Law. 
 
V​0​ = V​0​0​ + RT/n​e​f * ln([Ox]/[Red]) 
 
There are three major regions of a polarization curve. At low current densities, the performance               
is dominated by kinetic losses from excess energy used to initiate the reaction, also known as                
activation overpotential. This is referred to as the activation polarization region or the charge              
transfer region. At moderate current densities, the performance is dominated by ohmic losses,             
which come from resistances of ionic losses in the electrodes. Ohm’s law can be used to model                 
this region, which is referred to as the ohmic polarization region. 
 
ΔΦ = iR’ 
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At high current densities, the performance is dominated by mass transfer limitations. Reactants             
are consumed at a faster rate than the rate of transport of the reactants. This region is known as                   
the mass transfer limited region. 
 
The theoretical curve of a polarization curve is the equilibrium potential subtracted by the three               
resistance losses, represented by the following equation: 
 
 
 
The first term, V​0​ is the equilibrium potential, the second term is the ohmic losses, the third term 
is the charge transfer losses, and the final term is the mass transfer losses. 
 
A variation of the polarization curve, known as the power performance curve, shown in ​Figure               
2-11​. 
 
 
Figure 2-11​: Typical power performance curve (PPC) with the operating line in dark blue going 
through three distinct regions. The operating line in red represents the efficiency. 
 
The maximum power occurs when the resistance load is equal to the sum of the membrane                
resistance and the effective diode resistance. Fuel efficiency is 50% at the maximum power              
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output. The efficiency is defined as the power delivered to the external load divided by the power                 
that would be delivered if no internal resistances existed (Benziger 2005). 
 
Efficiency = (iV)/(iV​0​) 
2.4.2 Electrochemical Impedance Spectroscopy (EIS) 
EIS is a technique that can be used to examine the electrochemical performance of a cell. EIS                 
can distinguish between charge transfer resistance, ohmic resistance, and mass transfer           
resistance, phenomena that are illustrated in ​Figure 2-12​. To do this, an alternating current (AC)               
is driven through the cell, the voltage is measured, and an impedance is calculated.  
 
Figure 2-12:​ Phenomena 
occurring in electrochemical cell. Taken from Wang, 2011. 
 
Impedance can then be graphed in a Nyquist plot. A Nyquist plot graphs the imaginary               
component of impedance versus the real component of impedance where the frequency decreases             
from left to right. Ohmic resistance is found from the y-axis to the intercept of the plot with the                   
x-axis. The charge transfer resistance is represented by the first loop and the mass transfer               
resistance is represented by the second loop. 
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Figure 2-13:​ Example of Nyquist plot. 
2.5 Applications 
There are various applications for fuel cells of various power outputs. The most common use of                
fuel cells is in large-scale power plants for supply of power to the grid, which operates in the                  
MW range. Fuel cell stacks are commercially available as DirectFuelCell​® (DFC) and PureCell​®             
which use SOFC or MCFC units. Fuel cells are also used for backup systems, in which they are                  
coupled in parallel to the power supply and supply power or charge batteries in case of a power                  
outage. These fuel cells are usually PEMFC and provide several kW. Electricity and heat for               
residential usage use SOFC. Waste heat from SOFC is used for water boiling, which has a                
thermal efficiency of 90%. BlueGen​® is a commercial product in this field of application.              
Vehicles also use fuel cells in the form of Auxiliary Power Units (APU), which consists of a                 
reformer and a fuel cell. Liquid hydrocarbons are converted to hydrogen fuel in the reformer on                
board in the vehicle, which is converted to electricity in the fuel cell. SOFC and MCFC are                 
typically used for APU systems. Finally, batteries in portable electronics can be replaced by fuel               
cells. Currently under development, DMFC and PEMFC are used as power packs to charge              
electronics (Deutschmann 2012). 
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3.0 Methodology 
The fuel cell system must be running in order to collect current density and temperature               
distribution data. First, hydrogen and air supplies are turned on to allow the gases to flow                
through the system. The thermal baths are turned on so the circulating water can be heated to                 
about 80°C before circulating through the fuel cell. The pressure regulator is turned on to control                
the pressure of the gases entering the fuel cell. For the experiments performed, the pressure was                
maintained at 1.5 bar. The KIKUSUI electronic load is turned on to draw the current produced                
by the fuel cell. The Masterflex peristaltic pump is turned on at a low setting to maintain a steady                   
water level in the humidifiers. On the computer, the dSPACE program is used to control the                
current setting and the flow rates of the gases through the stoichiometric factors, which are ratios                
of the amount of gas flowing through the system to the minimum amount of gas required for the                  
fuel cell to operate. The S++ CurrentVIEW program is used to collect the data over time. 
 
Current was varied using settings of 10 A, 50 A, and 90 A, corresponding to average current                 
densities of 0.10 A/cm​2​, 0.50 A/cm​2​, and 0.90 A/cm​2​, respectively. The stoichiometric factors of              
oxygen from air and hydrogen were varied using settings of 2.0, 2.5, and 3.0 for oxygen and                 
settings of 1.2 and 2.0 for hydrogen. Four combinations of stoichiometric factors were tested: 2.0               
O​2 and 1.2 H​2​, 2.5 O​2 and 1.2 H​2​, 3.0 O​2 and 1.2 H​2​, and 3.0 O​2 and 2.0 H​2​. Aside from the case                        
of 2.0 O​2 and 1.2 H​2​, data were taken when the fuel cell outlet tubes contained water droplets,                  
which may have affected the data. When liquid droplets in the outlet air stream hinder the flow                 
through the valve downstream of the cell, the flow was no longer continuous and steady flow,                
but instead was a slug flow nature. This induced transient peaks of pressure in the cell, thus, high                  
voltage fluctuations. This phenomena preventing us from collecting additional data with smaller            
stoichiometries of oxygen to hydrogen. After each setting change, the fuel cell was allowed to               
run for 10 minutes to allow the system to reach steady state. Current distribution data were                
acquired from S++ CurrentVIEW in a 12x12 array and temperature distribution data were             
acquired simultaneously in a 6x6 array. Data were collected every three seconds for one minute               
and analyzed using MATLAB and Excel. For the experiments performed to compare the various              
operating conditions, the membrane of the fuel cell has been aged, meaning that it is near the end                  
of its life. 
 
Data for EIS were obtained by disconnecting the fuel cell and the S++ current scan shunt                
distribution measurement plate from the electronic load and connecting them to a Bio-Logic             
potentiostat. The EC Lab computer program was used to record the impedance for 50 points to                
create Nyquist plots for current settings of 5, 10, 15, 20, 30, 40, 50, 60, and 65 A. 
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4.0 Results 
4.1 Accuracy of Data Collection Over Time 
Table 4-1 shows statistical analysis of the data collected from the S++ CurrentVIEW program              
at current densities of 0.10, 0.50, and 0.90 A/cm​2 over time. In the table, the “Theoretical                
current density” column represents the ideal average current density of the 100 cm​2 plate at its                
respective current setting (10, 50, 90 A) assuming that the current density is evenly distributed               
throughout the plate and there are no losses. The “Average current density” column represents              
the observed average current density when every point in the 12x12 array was averaged. The               
“Minimum current density” column is the lowest point in the average-over-time array and the              
“Maximum current density” column is the highest point in the average-over-time array. These             
columns show how far the points in the 12x12 array deviate from the average current density                
value. The “Standard deviation from average” column is the standard deviation of the             
average-over-time array from the average current density value. The “Standard          
deviation/average current density” column divides the “Standard deviation from average” by           
the “average current density” to give a standard deviation percentage. The “Maximum standard             
deviation over time” shows the largest standard deviation from the average over time when              
comparing the corresponding points of each array of the raw data and the average over time                
array. The “Maximum STDEV/average current density” column takes the “Maximum standard           
deviation over time” and divides it by the “Average current density” and then multiplies it by                
100% to show the maximum percentage of standard deviation for every individual point of the               
12x12 array over time. 
 
Theoretical 
current 
density 
(A/cm​2​) 
Average 
current density 
(A/cm​2​) 
Minimum 
current 
density 
(A/cm​2​) 
Maximum 
current 
density 
(A/cm​2​) 
Standard 
deviation 
from average 
(A/cm​2​) 
Standard 
deviation/ 
average 
current 
density 
Maximum 
standard 
deviation 
over time 
(A/cm​2​) 
Maximum 
STDEV over 
time/average 
current 
density 
0.10 0.10 0.04 0.15 0.02 20% 0.0011 1.1% 
0.50 0.49 0.21 0.71 0.12 24% 0.0040 0.8% 
0.90 0.89 0.37 1.29 0.20 22% 0.014 1.6% 
Table 4-1​: Statistical analysis of current distribution data obtained from S++ CurrentVIEW, 
based on average current over time 
 
The average current density calculated from experimental data was found to be close to the               
theoretical current density that was set in dSPACE. This indicates that the current drawn from               
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the fuel cell is very close to the set point. The maximum standard deviation over time values                 
were quite small, reaching at most 1.6% of the average value. This means that over time, the                 
current read at each of the 144 locations was fairly constant. Furthermore, it was found that local                 
current density varied widely from the average current density of the plate, with deviations              
averaging between 20% and 24%. This indicates a rather uneven distribution of current density              
in the plate. 
 
4.2 Current Density Distribution 
Twenty 12x12 arrays of current distribution over time were obtained for each parameter change.              
The units for the data obtained directly from the S++ CurrentVIEW program were in A/segment,               
so all data collected were multiplied by the conversion factor of 144 segments/100 cm​2 to obtain                
units of A/cm​2​. Each corresponding point in the twenty arrays were averaged and a new array                
consisting of the average-over-time values was constructed using Excel. In order to standardize             
the scale for comparison between different current settings, the averaged values were divided by              
the theoretical average current density provided to the fuel cell (0.10 A/cm​2​, 0.50 A/cm​2​, or 0.90                
A/cm​2​) ​to obtain unitless values. This makes a percentage scale based on the theoretical average               
current density value. This means that a point with a value of 1 on the standardized scale has a                   
value of the theoretical average current density and a point with a value of 0.5 has a value of                   
50% of the theoretical average current density. The standardized arrays were then inputted to              
MATLAB to create 2D pseudocolor plots of the current distribution. Because MATLAB plots             
the top row of an array at the bottom of the 2D plot and builds the plot upwards, the order of the                      
rows obtained from Excel were reversed before entering the array into MATLAB.  
 
To analyze these 2D pseudocolor plots, the inlet, outlet, and path of the gases must be                
determined. A 2D plot was superimposed onto the flow field pattern of the bipolar plate to show                 
the inlet, outlet, and path of the gases, shown in ​Figure 4-1​. These parameters will be the same                  
for all of the 2D pseudocolor plots, but the superimposed flow field pattern will not be shown for                  
most of the plots. 
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Figure 4-1​: 2D pseudocolor plot superimposed on fuel cell flow field pattern so that the channels 
are visible. The flow plate has 23 channels arranged in a serpentine pattern. Red arrows represent 
inlet and outlet of gases and black rectangles outline the inner walls of the flow plate. The white 
arrows represent the path of the gases through the one of the channels of the serpentine pattern. 
 
Figure 4-2 shows 2D pseudocolor plots for current distribution data collected for varying             
oxygen stoichiometric factors and current density settings. 
 
27 
 
 
Figure 4-2​: 2D pseudocolor maps of current density distribution at various current density and 
oxygen stoichiometric factor settings. Hydrogen stoichiometric factor is fixed at 1.2. The scale is 
standardized, so is the same for all plots. 
 
These figures show that the borders along the entrance and exit of the flow plate have relatively                 
low current density while the areas around the inner walls have the highest current density. To                
analyze the current distribution trends, the statistical analysis values (maximum, minimum,           
average, standard deviation) were calculated as the average of all three current density settings              
(0.10, 0.50, 0.90 A/cm​2​) at each of the three oxygen stoichiometric factors (2.0, 2.5, 3.0) and vice                 
versa. Of note is that at 0.10 A/cm​2​, there are areas of high and low current density, whereas                  
when current density increases to 0.50 A/cm​2 and 0.90 A/cm​2​, current density is more evenly               
distributed throughout the plate. This is evident in ​Table 4-2 where the standard deviation from               
the average current density decreases with increasing current density, the maximum standardized            
value decreases with increasing current density, and the minimum value is highest at 0.90 A/cm​2​.               
In ​Table 4-3​, the trend shows that the oxygen setting of 2.5 produces the most evenly distributed                 
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current density compared to oxygen stoichiometries of 2.0 and 3.0 with the lowest standard              
deviation from the average, lowest maximum, and highest minimum values.  
 
Current density 
(A/cm​2​) 
Maximum 
standardized 
value  
Minimum 
standardized 
value  
Average 
standardized 
value 
Standard 
deviation from 
average 
0.10 1.77 0.15 0.98 0.42 
0.50 1.68 0.15 0.98 0.38 
0.90 1.48 0.20 0.98 0.30 
Table 4-2​: Statistics of standardized current density data, combining the three different oxygen 
stoichiometry settings, at each current density setting. 
 
O​2 
stoichiometry  
Maximum 
standardized 
value  
Minimum 
standardized 
value  
Average 
standardized 
value 
Standard 
deviation from 
average 
2.0 1.77 0.15 0.98 0.38 
2.5 1.58 0.20 0.98 0.33 
3.0 1.69 0.15 0.98 0.37 
Table 4-3​: Statistics of standardized current density data, combining the three different current 
density settings, at each oxygen stoichiometry setting. 
 
Both tables show that the averages of standardized values for each current density or oxygen               
stoichiometry were equal (0.98). Theoretically, the average standardized value should be equal to             
1 because this value divides the average of measured current densities by the average current               
density setting (0.10, 0.50, or 0.90 A/cm​2​). The slight deviation from 1 indicates that the set                
current density is greater than the actual current density and is consistently so. Perhaps the               
distribution plate could be calibrated better, but it is fairly accurate and does not affect the trends                 
and comparisons discussed in this report. 
 
Figure 4-3​ shows 2D pseudocolor plots for two different hydrogen stoichiometric factors at a 
constant oxygen flow rate and varying current density settings. 
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Figure 4-3​: 2D pseudocolor maps of current density distribution at various current density and 
hydrogen stoichiometric factor settings. Oxygen stoichiometric factor is fixed at 3.0. The scale is 
standardized, so is the same for all plots.  
 
H​2 
stoichiometry  
Maximum 
standardized 
value  
Minimum 
standardized 
value  
Average 
standardized 
value 
Standard 
deviation from 
average 
1.2 1.69 0.15 0.98 0.37 
2.0 1.66 0.23 0.98 0.32 
Table 4-4:​ Statistics of standardized current density data, combining the three different current 
density settings, at each hydrogen stoichiometry setting. 
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Table 4-4 ​shows that the stoichiometric factor of 2.0 for hydrogen yields a lower maximum               
value, a higher minimum value, and a smaller standard deviation than the stoichiometric factor of               
1.2 for hydrogen, which shows that a higher flow rate of hydrogen results in a slightly more even                  
current density distribution. From ​Figure 4-3​, the higher stoichiometric factor of 2.0 yields a              
slightly higher current density distribution at the inlet than the lower stoichiometric factor of 1.2. 
4.3 “Unfolded” View of Current Density Distribution 
As an alternative way to visualize how current density is distributed throughout the plate, the               
serpentine pattern of the plate was rearranged into an “unfolded” view, which unfolds the bends               
of the serpentine pattern into a straight, continuous row of data from the inlet to the outlet. The                  
current density profile across the unfolded rows was constructed. The constructed plot assumes             
that the reactants in each path travel at the same speed so each path travels from the inlet to the                    
outlet at the same interval of time, but each path will not be vertically aligned on the plate.                  
Figure 4-4 shows a fuel cell plate with five paths displayed, spread out among the 23 channels of                  
the flow field pattern. The red path will be referred to as the “top edge” of the plate, the orange                    
path will be the “top side,” the yellow path will be the “middle,” the green path will be the                   
“bottom side,” and the blue path will be the “bottom edge.” 
 
 
 unfold 
 
Inlet Outlet 
Figure 4-4:​ Schematic of unfolded flow plate. 
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Data points on these five paths were used to construct the current density profile. In order to                 
determine which data point to use for each point on each path, the superimposed 2D plot of a                  
12x12 array on the flow field pattern was labeled with letters and numbers corresponding to the                
grid layout of Excel, shown in ​Figure 4-5a​, which allowed matching of the data points on the 2D                  
plot to the data points in Excel. For example, the point A5 on the 2D plot would correspond to                   
the data point in the A5 cell in Excel. The positions of the data points on the 2D plot that were                     
used for the unfolded current density profile are shown in ​Figure 4-5b​. 
 
a)  b)  
Figure 4-5​: a) 2D pseudocolor plot superimposed on fuel cell flow field pattern. The positions of 
the data points are represented by the letter (column) and the number (row) labeled on the top 
and right edge of the plot. b) Exact positions of the data points used to construct an unfolded 
current distribution profile. The color of each path corresponds to the paths in ​Figure 4-4​. 
 
Data points that were used for the unfolded profile were taken in intervals of every half-square.                
The points that lie in between multiple data points were taken as averages of the data points that                  
they lie between. For example, points on the edge of a square between two points, such as the                  
first orange point from the inlet in ​Figure 4-5b​, were taken as averages of those two points and                  
points in the center of a square, such as the second orange point from the inlet in ​Figure 4-5b​,                   
were taken as averages of all four corner points. The top edge path begins at the top, between D1                   
and E1. The first data point for this path would therefore be the average of D1 and E1, or                   
(D1+E1)/2. The next point is a half-square to the right, or point E1. The next point after that is                   
another half-square to the right, or the point (E1+F1)/2. The path continues around the edge of                
the plate and around the inner serpentine boundary. The positions of the points surrounding the               
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serpentine boundary were rounded to the nearest half-square to simplify the process. This top              
edge path exits at the point L12. ​Table 4-5 describes each path’s inlet and outlet points. Each                 
path consisted of 68 data points. 
 
 Inlet Point Outlet Point 
Top edge (D1+E1)/2 L12 
Top side (C1+D1)/2 K12 
Middle (B1+C1)/2 J12 
Bottom side (A1+B1)/2 I12 
Bottom edge A1 (H12+I12)/2 
Table 4-5:​ Inlet and outlet points of each unfolded path used in Excel. 
 
This data was used to construct pseudocolor plots and linearized graphs of the unfolded view of                
the flow field pattern to observe the differences in current distribution from the inlet to the outlet                 
between the five paths. The pseudocolor plots for each current density setting are shown in               
Figure 4-6 and the linearized graphs for each current density setting are shown in ​Figures 4-7 to                 
4-9​. The following plots and graphs are for stoichiometric factors of 1.2 for hydrogen and 2.0 for                 
oxygen. Additional linearized graphs were constructed for the other combinations of           
stoichiometric factors and can be seen in ​Appendix C​. 
 
 
 
unfold 
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Inlet Outlet 
 
Inlet Outlet 
 
Inlet Outlet 
Figure 4-6:​ 2D pseudocolor plots of unfolded data for 0.10, 0.50, and 0.90 A/cm​2​ from left to 
right for the 12x12 plots (top) and from top to bottom for the unfolded view (bottom). For 
comparison to ​Figure 4-4​, the top row corresponds to the top edge (red path), the next row 
below it is the top side (orange path), the middle row is the middle (yellow path), the next row 
below it is the bottom side (green path), and the bottom row is the bottom edge (blue path). 
 
 
Figure 4-7:​ Linearized graph of unfolded data for 0.10 A/cm​2​ with a standardized scale. Each 
marker represents a bend in the serpentine pattern, with each marker shape representing a 
different bend. 
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Figure 4-8:​ Linearized graph of unfolded data for 0.50 A/cm​2​ with a standardized scale. Each 
marker represents a bend in the serpentine pattern, with each marker shape representing a 
different bend. 
 
 
Figure 4-9:​ Linearized graph of unfolded data for 0.90 A/cm​2​ with a standardized scale. Each 
marker represents a bend in the serpentine pattern, with each marker shape representing a 
different bend. 
 
Because the points of the paths are not vertically aligned on the fuel cell plate, markers are                 
included in ​Figures 4-7 to 4-9 to represent a change in direction of the path. The first marker in                   
each path is a diamond, which represents the points on the first bend near the inlet. The second                  
marker is a triangle, representing the points on the second bend. The remaining markers, in               
order, are a square, a circle, a square with an X, and a square with a +. They represent the points                     
on the next four bends of the flow field pattern. 
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Starting from the inlet to the first bend, the current increases to a local maximum for the middle                  
and bottom paths. The top paths begin on the bend, so the current is at a local minimum. The                   
middle and bottom paths then decrease to a local minimum at the next two bends, which are                 
located very close together for these paths. For the top paths, the current increases to a local                 
maximum at the second bend and then decreases to a local minimum at the third bend. All paths                  
then increase to a local maximum at the fourth bend. The current density is higher at the bottom                  
edge path than it is at the top edge path at this bend. Following the final two bends to the outlet,                     
all paths decrease to a global minimum. The bends of the serpentine pattern are large               
contributors to the unevenness of current distribution. Overall, there is more current distributed             
to the bottom edge than the top edge. 
 
4.4 Temperature Distribution 
Temperature is an important factor in studying PEM fuel cell membrane degradation because it              
affects water management, proton transfer, and chemical reaction rates. These are key factors in              
the optimization of fuel cell performance. Temperature is controlled by the side of the bipolar               
plate opposite to the side of the gas flow, where there are channels for circulating water, as                 
shown on the right image of Figure 2-9​. These channels essentially act as a countercurrent heat                
exchanger where the purpose of the water is to maintain the temperature of the fuel cell.  
 
Similar to current distribution, twenty 6x6 arrays of temperature distribution over time were             
obtained for each parameter change. Each corresponding point in the twenty arrays were             
averaged and a new array consisting of the average-over-time values was constructed using             
Excel. The arrays were then inputted to MATLAB to create 2D pseudocolor plots of the               
temperature distribution. Because MATLAB plots the top row of an array at the bottom of the                
2D plot and builds the plot upwards, the order of the rows obtained from Excel were reversed                 
before entering the array into MATLAB. For comparison between the plots at different operating              
conditions, the scale was fixed at a range of 74°C to 81°C because the maximum and minimum                 
values of all data points were 80.62°C and 74.06°C, respectively. ​Figure 4-10 ​shows the              
temperature averages over time plotted as 2D pseudocolor plots for varying oxygen            
stoichiometric factors.  
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Figure 4-10​: 2D pseudocolor maps of temperature distribution at various current density and 
oxygen stoichiometric factor settings. Hydrogen stoichiometric factor is fixed at 1.2. 
 
When comparing temperature distribution among different current density settings at a fixed            
oxygen stoichiometric factor, an increase in temperature with increasing current density setting is             
observed. This makes sense because as current density increases, reaction rate increases. An             
increased reaction rate produces a proportional increase in heat generation because the reaction             
of oxygen and hydrogen to produce water is exothermic. Statistical analyses of this are shown in                
Table 4-6​. Because the temperature distribution varies so much among the different current             
densities and oxygen stoichiometric ratios, perhaps the cooling and heating effect of the             
circulating water is not sufficient to keep the temperature both uniform and constant.  
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Current density 
(A/cm​2​) 
Maximum 
temperature 
(°C) 
Minimum 
temperature 
(°C)  
Average 
temperature 
(°C) 
Standard 
deviation from 
average (°C) 
0.10 78.7 74.1 75.9 1.38 
0.50 79.2 75.0 76.6 1.40 
0.90 80.6 76.2 77.6 1.47 
Table 4-6​: Temperature distribution statistics, combining the three different oxygen 
stoichiometric factor settings, at each current density setting. 
 
When comparing the temperature distribution among different oxygen stoichiometric factors at           
fixed current density settings, it is observed that the fuel cell plate is at a relatively high                 
temperature at an oxygen stoichiometric factor of 2.0, where the average temperature is 78.6°C,              
compared to at oxygen stoichiometric factors of 2.5 and 3.0, where the average temperature for               
both is 75.7°C. The maximum, minimum, and average temperatures of the plate at 2.5 and 3.0                
oxygen stoichiometric factors are about the same, indicating no significant difference when            
increasing oxygen stoichiometric factor past 2.5; however standard deviation decreases as           
oxygen stoichiometric factor increases, indicating that increasing oxygen stoichiometric factor          
may produce a more even temperature distribution within the plate. These statistics are shown in               
Table 4-7​.  
 
O​2 
stoichiometric 
factor  
Maximum 
temperature 
(°C) 
Minimum 
temperature 
(°C)  
Average 
temperature 
(°C) 
Standard 
deviation from 
average (°C) 
2.0 80.6 77.1 78.6 0.83 
2.5 77.5 74.1 75.7 0.77 
3.0 77.5 74.3 75.7 0.73 
Table 4-7​: Temperature distribution statistics, combining the three different current density 
settings, at each oxygen stoichiometric factor setting. 
 
The temperature distributions between the different hydrogen stoichiometric factors at the same            
current density settings are not significantly different. ​Figure 4-11 shows that peaks in             
temperature occur in the same general area for hydrogen stoichiometric factors of 1.2 and 2.0.               
Statistics in ​Table 4-8 show that temperature averages and ranges are nearly identical when              
comparing the two stoichiometric factors of hydrogen. 
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Figure 4-11​: 2D pseudocolor maps of temperature distribution at various current density and 
hydrogen stoichiometric factor settings. Oxygen stoichiometric factor is fixed at 3.0. 
 
H​2 
stoichiometry  
Maximum 
temperature 
(°C) 
Minimum 
temperature 
(°C)  
Average 
temperature 
(°C) 
Standard 
deviation from 
average (°C) 
1.2 77.5 74.3 75.7 0.70 
2.0 77.4 74.1 75.6 0.70 
Table 4-8​: Temperature distribution statistics, combining the three different current density 
settings, at each hydrogen stoichiometric factor setting. 
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Because temperature varied by less than two degrees within each plot, but varied by seven               
degrees among all plots, temperature pseudocolor plots were also made with non-standardized            
scale bars to better understand the temperature distribution within the plate. These plots are              
shown next to current density distribution data at the same conditions to find any correlations, as                
shown in ​Figure 4-12​. In order to correlate the current and temperature distribution plots more               
easily, the 12x12 current distribution arrays were reduced to 6x6 arrays by averaging values in               
2x2 arrays. These plots are shown in ​Figure 4-13​. For each oxygen stoichiometric factor,              
separated by a vertical black line, the current distribution plots are shown on the left and the                 
temperature distribution plots are shown on the right. 
 
 
Figure 4-12​: 2D pseudocolor maps of current density distribution (12x12 plots) and 
corresponding temperature distribution at various current density and oxygen stoichiometric 
factor settings. Hydrogen stoichiometric factor is fixed at 1.2. Scale bar for all the 12x12 current 
distribution plots is the standardized scale shown on the right. Scale bars for 6x6 temperature 
plots have a range of 2°C, but different magnitudes.  
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Figure 4-13​: 2D pseudocolor maps of current density distribution (6x6 plots) and corresponding 
temperature distribution at various current density and oxygen stoichiometric factor settings. 
Hydrogen stoichiometric factor is fixed at 1.2. Scale bar for all the reduced 6x6 current 
distribution plots is the standardized scale shown on the right. Scale bars for 6x6 temperature 
plots have a range of 2°C, but different magnitudes. 
 
An interesting result of this comparison is that there is consistently a temperature peak at the                
bottom left corner of the plate for 0.10 A/cm​2 while there is one at the top left corner for 0.90                    
A/cm​2​. For 0.50 A/cm​2​, the temperature peak seems to be distributed between these same top left                
and bottom left points. This indicates that temperature distribution varies somewhat with current             
density. The results do not show evidence that temperature distributions vary with the             
stoichiometric ratios of gases. 
 
Another point of note is that temperature does not vary closely with current density. This may                
mean that temperature variations are not a direct result of the heat produced by the reaction, but                 
instead a result of the interaction between circulating water (83°C) and fuel gases (~73°C) in a                
given flow field plate design.  
4.5 Comparison of Fresh and Aged Membrane 
In order to understand how aging of the membrane affects current distribution, current             
distribution plots at 0.10, 0.50, and 0.90 A/cm​2 were compared between the fresh and aged form                
of the same membrane, as shown in ​Figure 4-14​. 
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Figure 4-14​: Standardized pseudocolor plots of current distribution at 0.10, 0.50, and 0.90 A/cm​2 
comparing the same membrane when fresh and when aged. 
 
Comparing the current distributions of the fresh membrane with the aged membrane, it can be               
seen that the range of current density increases as the membrane ages. This means that the                
current distribution becomes more uneven as the membrane ages, leading to decreased            
performance of the fuel cell. A notable trend is that the edges of the plate near the gas inlet and                    
outlet experience a relatively large decrease in current density after aging. This could be due to                
the high temperatures at the top and bottom edges of the plate (as shown in ​Figures 4-12 and                  
4-13​) that may dry out the membrane faster and lead to accelerated aging of the membrane in                 
these areas. Another interesting point is that areas of the fresh membrane with high current peaks                
(i.e. the left and right edges of the plate) experience a further increase in current density after                 
aging. This may mean that aging accentuates the uneven current distribution areas in the plate.  
 
Quantitatively, the standard deviation from the average current density doubled from around 0.2             
to around 0.4, the minimum values decreased, and the maximum values increased after aging of               
the membrane, as shown in ​Table 4-9​. These statistics further verify that current distribution              
becomes more uneven after aging of the membrane. 
 
 
42 
 Current 
density 
(A/cm​2​) 
Maximum 
standardized 
value  
Minimum 
standardized 
value  
Average 
standardized 
value 
Standard 
deviation 
from 
average 
Fresh 
Membrane 
0.10 1.54 0.43 1.03 0.24 
0.50 1.43 0.51 1.01 0.20 
0.90 1.43 0.41 0.99 0.22 
Aged 
Membrane 
0.10 1.77 0.16 0.98 0.41 
0.50 1.68 0.15 0.98 0.41 
0.90 1.46 0.20 0.98 0.33 
Table 4-9​: Statistics of standardized current density data, comparing fresh and aged membrane. 
 
Another method used to compare the fresh and aged membrane was through comparison of the               
polarization curves, shown in ​Figure 4-15​, and comparison of the power curves, shown in              
Figure 4-16​. The polarization curve of the fresh membrane is generally above that of the aged                
membrane, indicating smaller overpotential in the fresh membrane. The power curve shows that             
the power from the fresh membrane is higher than that of the aged membrane. These results                
show that the aged membrane has experienced a decrease in performance. 
 
 
Figure 4-15​: Polarization curves of the fresh and aged membrane, showing both experimental 
and theoretical data. 
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Figure 4-16​: Power curves of fresh (left) and aged (right) membrane. Power is plotted in blue 
and efficiency is plotted in red. 
4.6 Comparison of MEA 1 and MEA 2 
Current distribution between two MEAs with different gas diffusion layers were compared at             
0.10 and 0.50 A/cm​2​, shown in ​Figure 4-17​. The GDL has a hydrophobic gradient from the inlet                 
to the outlet. MEA 1, the one that was used to compare the current distributions at different                 
current density and gas flow settings, has 18% PTFE in the inlet and the middle and 27% PTFE                  
in the outlet while MEA 2 has 9% PTFE in the inlet and 18% PTFE in the middle and the outlet.                     
Both MEAs were fresh when the current distribution data was collected. 
 
 
Figure 4-17​: Standardized pseudocolor plots at 0.10 and 0.50 A/cm​2​ comparing current 
distributions of MEA 1 and MEA 2. 
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The two MEAs have different local current density peaks. MEA 1 has peaks concentrated around               
the left edge of the plate while MEA 2 has peaks concentrated around the center of the plate.                  
Both MEAs have the lowest current density on the bottom edge, near the outlet. These results                
show that the GDL also affects the current distribution of the fuel cell. 
 
Table 4-10 shows that the standard deviation from the average current density of the MEAs are                
similar in values, which indicates that the evenness of the current distribution is similar, although               
the current density is concentrated in different locations. MEA 1, however, has larger maximum              
and minimum values, which may have a stronger effect on the performance of the fuel cell. 
 
 Current 
density 
(A/cm​2​) 
Maximum 
standardized 
value  
Minimum 
standardized 
value  
Average 
standardized 
value 
Standard 
deviation 
from 
average 
MEA 1 
0.10 1.54 0.43 1.03 0.24 
0.50 1.43 0.51 1.01 0.20 
MEA 2 
0.10 1.45 0.34 0.98 0.24 
0.50 1.31 0.31 0.98 0.21 
Table 4-10​: Statistics of standardized current density data, comparing MEA 1 and MEA 2. 
 
Electrochemical impedance spectroscopy was performed for MEA 2 to observe the performance            
of the fuel cell because it was suspected that the fuel cell was not performing well due to a faulty                    
membrane. The Nyquist plot for EIS is shown in ​Figure 4-18​. EIS was performed at               
stoichiometric factors of 1.2 for hydrogen and 2.0 for oxygen at current settings of 5, 10, and 15                  
A. At 20 A and higher, the stoichiometric factors were increased to 1.3 for hydrogen and 2.2 for                  
oxygen to prevent any damage to the fuel cell because the voltage of the system was unstable,                 
which meant that the system may have been experiencing a leak. 
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Figure 4-18​: Electrochemical impedance spectroscopy results for fresh MEA 2 at current 
settings of 5, 10, 15, 20, 30, 40, 50, 60, and 65 A. 
 
The EIS results show that increasing the current setting reduces the size of the plot, which means                 
that there is less resistance at higher current settings. Increasing the current setting increases the               
mass transfer resistance region in relation to the charge transfer resistance region and decreases              
the ohmic resistance region. The ohmic resistances for each current setting is shown in ​Table               
4-11​. Comparing the plots for 15 A and 20 A, it can be seen that increasing the stoichiometric                  
factors of the gases increases the mass transfer resistance region. 
 
Current (A) Ohmic Resistance (Ω) Stoichiometric Factors 
5 4.27*10​-3 1.2 H​2​, 2.0 O​2 
10 3.53*10​-3 1.2 H​2​, 2.0 O​2 
15 3.12*10​-3 1.2 H​2​, 2.0 O​2 
20 3.08*10​-3 1.3 H​2​, 2.2 O​2 
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30 2.91*10​-3 1.3 H​2​, 2.2 O​2 
40 3.00*10​-3 1.3 H​2​, 2.2 O​2 
50 2.94*10​-3 1.3 H​2​, 2.2 O​2 
60 2.77*10​-3 1.3 H​2​, 2.2 O​2 
65 2.73*10​-3 1.3 H​2​, 2.2 O​2 
Table 4-11​: Ohmic resistance values at each current and stoichiometric factor settings. 
 
Polarization curves (​Figure 4-19​) and power curves (​Figure 4-20​) were constructed as ways to              
compare the performance of MEA 1 and MEA 2. The polarization curves show that MEA 2 has                 
larger voltage drops than MEA 1 at the same current density, indicating a lower performance for                
MEA 2. The power curves show that MEA 2 yields less power at the same resistance, which also                  
indicates a lower performance for MEA 2. Because both MEAs are fresh, this means that the                
different hydrophobic gradients of the MEAs play a role in the degradation of the performance of                
the fuel cell. 
 
 
Figure 4-19​: Polarization curves of MEA 1 and MEA 2, showing both experimental and 
theoretical data. 
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Figure 4-20​: Power curves of fresh MEA 1 (left) and fresh MEA 2 (right). Power is plotted in 
blue and efficiency is plotted in red. 
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5.0 Conclusion 
Because a fuel cell acts as a membrane reactor with plug flow, it was expected that current                 
density would be highest at the inlet where the concentration of reactants is highest and decrease                
as gases moved towards the outlet. Instead, it was found that the highest current density occurred                
at the first and fourth bends of the serpentine flow field and that current density was high in the                   
middle of the plate and low at the gas inlet and outlet edges of the plate. Factors that were found                    
to affect the current distribution were as follows: 1) increasing current density decreases the              
range of current distribution, 2) increasing gas flow slightly increases the evenness of current              
distribution until a certain point, 3) current density is less evenly distributed after aging of the                
membrane, and 4) the PTFE composition of the GDL in an MEA affects the location of peaks of                  
current density. 
 
When comparing temperature distribution to the current distribution to see how temperature            
affects aging of the fuel cell, it was found that there were high temperature peaks at the gas inlet                   
and outlet edges of the plate. These edges were also where there was a large decrease in current                  
density after aging, perhaps indicating that insufficient temperature control in these areas            
contributed to the accelerated degradation of the membrane. 
 
It would be helpful in the future to recreate these experiments because these results were based                
on only one trial at each condition due to time restrictions. Additional current density settings,               
gas flow rates, and pressures would also be interesting to test. 
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Appendix A: Standardized Current Density Averages 
 
 ​Table A-1​: Current density averages at 1.5 bar, λ​H2​ =1.2, λ​O2​ =2.0, 0.10 A/cm​2 
 
 
 ​Table A-2​: Current density averages at 1.5 bar, λ​H2​ =1.2, λ​O2​ =2.0, 0.50 A/cm​2 
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Table A-3​: Current density averages at 1.5 bar, λ​H2​ =1.2, λ​O2​ =2.0, 0.90 A/cm​2 
 
 
 ​Table A-4​: Current density averages at 1.5 bar, λ​H2​ =1.2, λ​O2​ =2.5, 0.10 A/cm​2 
 
 
 ​Table A-5​: Current density averages at 1.5 bar, λ​H2​ =1.2, λ​O2​ =2.5, 0.50 A/cm​2 
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 Table A-6​: Current density averages at 1.5 bar, λ​H2​ =1.2, λ​O2​ =2.5, 0.90 A/cm​2 
 
 
 ​Table A-7​: Current density averages at 1.5 bar, λ​H2​ =1.2, λ​O2​ =3.0, 0.10 A/cm​2 
 
 
 ​Table A-8​: Current density averages at 1.5 bar, λ​H2​ =1.2, λ​O2​ =3.0, 0.50 A/cm​2 
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 ​Table A-9​: Current density averages at 1.5 bar, λ​H2​ =1.2, λ​O2​ =3.0, 0.90 A/cm​2 
 
  
Table A-10​: Current density averages at 1.5 bar, λ​H2​ =2.0, λ​O2​ =3.0, 0.10 A/cm​2 
 
 
 ​Table A-11​: Current density averages at 1.5 bar, λ​H2​ =2.0, λ​O2​ =3.0, 0.50 A/cm​2 
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 ​Table A-12​: Current density averages at 1.5 bar, λ​H2​ =2.0, λ​O2​ =3.0, 0.90 A/cm​2 
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Appendix B: Temperature Averages 
 
Table B-1​: Temperature averages at 1.5 bar, λ​H2​ =1.2, λ​O2​ =2.0, 0.10 A/cm​2 
 
 
 ​Table B-2​: Temperature averages at 1.5 bar, λ​H2​ =1.2, λ​O2​ =2.0, 0.50 A/cm​2 
 
 
 ​Table B-3​: Temperature averages at 1.5 bar, λ​H2​ =1.2, λ​O2​ =2.0, 0.90 A/cm​2 
 
 
 ​Table B-4​: Temperature averages at 1.5 bar, λ​H2​ =1.2, λ​O2​ =2.5, 0.10 A/cm​2 
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 ​Table B-5​: Temperature averages at 1.5 bar, λ​H2​ =1.2, λ​O2​ =2.5, 0.50 A/cm​2 
 
 
 ​Table B-6​: Temperature averages at 1.5 bar, λ​H2​ =1.2, λ​O2​ =2.5, 0.90 A/cm​2 
 
 
 ​Table B-7​: Temperature averages at 1.5 bar, λ​H2​ =1.2, λ​O2​ =3.0, 0.10 A/cm​2 
 
 
 ​Table B-8​: Temperature averages at 1.5 bar, λ​H2​ =1.2, λ​O2​ =3.0, 0.50 A/cm​2 
 
 
 ​Table B-9​: Temperature averages at 1.5 bar, λ​H2​ =1.2, λ​O2​ =3.0, 0.90 A/cm​2 
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  ​Table B-10​: Temperature averages at 1.5 bar, λ​H2​ =2.0, λ​O2​ =3.0, 0.10 A/cm​2 
 
 
 ​Table B-11​: Temperature averages at 1.5 bar, λ​H2​ =2.0, λ​O2​ =3.0, 0.50 A/cm​2 
 
 
 ​Table B-12​: Temperature averages at 1.5 bar, λ​H2​ =2.0, λ​O2​ =3.0, 0.90 A/cm​2 
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Appendix C: Linearized Graphs for Other Stoichiometric Factors 
 
Figure C-1​: Linearized graph of unfolded data for λ​H2​ =1.2, λ​O2​ =2.5, 0.10 A/cm​2 
 
 
Figure C-2​: Linearized graph of unfolded data for λ​H2​ =1.2, λ​O2​ =2.5, 0.50 A/cm​2 
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Figure C-3​: Linearized graph of unfolded data for λ​H2​ =1.2, λ​O2​ =2.5, 0.90 A/cm​2 
 
 
Figure C-4​: Linearized graph of unfolded data for λ​H2​ =1.2, λ​O2​ =3.0, 0.10 A/cm​2 
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Figure C-5​: Linearized graph of unfolded data for λ​H2​ =1.2, λ​O2​ =3.0, 0.50 A/cm​2 
 
 
Figure C-6​: Linearized graph of unfolded data for λ​H2​ =1.2, λ​O2​ =3.0, 0.90 A/cm​2 
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Figure C-7​: Linearized graph of unfolded data for λ​H2​ =2.0, λ​O2​ =3.0, 0.10 A/cm​2 
 
 
Figure C-8​: Linearized graph of unfolded data for λ​H2​ =2.0, λ​O2​ =3.0, 0.50 A/cm​2 
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Figure C-9​: Linearized graph of unfolded data for λ​H2​ =2.0, λ​O2​ =3.0, 0.90 A/cm​2 
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